The development of methodologies for gene transfer into the central nervous system is crucial for gene therapy of neurological disorders. In this study, different cationic liposome formulations were used to transfer DNA into C6 glioma cells and primary hippocampal and cortical neurons by varying the nature of the helper lipid (DOPE, Chol) or a mixture of DOPE and cholesterol (Chol) associated to DOTAP. In addition, the effect of the lipid/DNA (+/À) charge ratio, the association of the ligand transferrin to the lipoplexes, and the stage of differentiation of the primary cells on the levels of transfection activity, transfection efficiency, and duration of gene expression were evaluated. Mechanistic studies were also performed to investigate the route of delivery of the complexes into neurons. Our results indicate that DOTAP:Chol (1:1 mol ratio) was the best formulation to transfer a reporter gene into C6 glioma cells, primary hippocampal neurons, and primary cortical neurons. The use of transferrin-associated lipoplexes resulted in a significant enhancement of transfection activity, as compared to plain lipoplexes, which can be partially attributed to the promotion of their internalization mediated by transferrin. While for hippocampal neurons the levels of luciferase gene expression are very low, for primary cortical neurons the levels of transgene expression are high and relatively stable, although only 4% of the cells has been transfected. The stage of cell differentiation revealed to be critical to the levels of gene expression. Consistent with previous findings on the mechanisms of cell internalization, the experiments with inhibitors of the endocytotic pathway clearly indicate that transferrin-associated lipoplexes are internalized into primary neurons by endocytosis. Promising results were obtained in terms of the levels and duration of gene expression, particularly in cortical neurons when transfected with the Tfassociated lipoplexes, this finding suggesting the usefulness of these lipid-based carriers to deliver genes within the CNS. D 2004 Elsevier Inc. All rights reserved.
Introduction
Gene transfer to cells of the CNS may represent a powerful tool to treat a large number of diseases, including neurological disorders. However, while some success has been reported regarding the application of gene therapy (SCID, cancer, etc.) (Aiuti et al., 2002; Cavazzana-Calvo et al., 2000; Reid et al., 2002) , its use to the CNS has been hindered by the inefficient transfection of postmitotic cells.
Two main approaches are available for gene transfer into CNS: the ex vivo approach involving the genetic manipulation of cells followed by their grafting into the brain, this way circumventing the blood -brain barrier; and the in vivo approach involving the local gene transfer to CNS cells (stereotactic administration using either a viral or a nonviral vector). Work in this area has been mainly based on the use of both adenoviral and lentiviral vectors (Berry et al., 2001; Clark et al., 1999; Hughes et al., 2002; King et al., 2000; Martino et al., 1998) , largely due to their high gene transfer efficiency and neuronal tropism. Nevertheless, important safety limitations have been associated to viral vectors, including the risk of immunogenicity, cytotoxicity, and tumorigenicity.
Nonviral vectors exhibit some technological, therapeutic, and safety advantages and may therefore constitute a viable alternative to viral vectors aiming at applying gene therapy strategies to CNS. Nonviral vectors include naked DNA, gene gun, cationic polymers, and cationic liposomes. The injection of naked DNA has been reported for glia and neurons in the mouse brain (Garcia and Sharma, 1998; Schwartz et al., 1996) , although levels of transgene expression have been reported to be very low. This method may be improved if a ''bio-ballistic'' gene gun is used to force small gold particles coated with plasmid DNA to enter into cells (Sato et al., 2000; Thomas et al., 1998) , although optimization is required to prevent the damage of neuronal tissue (Hui et al., 1994) . Polycationic polymers, such as poly-Llysine or polyethylenimine (PEI), have also been used to condense plasmid DNA (forming polyplexes) aiming at neuronal transfection (Goula et al., 1998; Lemkine et al., 1999) . However, the duration of expression is very short, even if high levels of transgene expression have been achieved. A large amount of effort has also been devoted to the development of cationic liposomes (Imaoka et al., 1998; Murray et al., 1999; Roessler and Davidson, 1994; Wu et al., 2000; Zou et al., 1999) , the most widely used nonviral vectors, to improve transfection efficiency and duration of gene expression as well as to confer adequate features for their in vivo use. The ability of this system to mediate transfection was attributed to recognition of certain properties, namely, (1) a spontaneous electrostatic interaction between the positively charged liposomes and the negatively charged DNA, which results in an efficient condensation of the nucleic acids, and (2) the fact that the resulting cationic liposome/DNA complexes (lipoplexes) could exhibit a net positive charge that promotes their association with the negatively charged cell surface (da Cruz et al., 2001; Pires et al., 1999) . Following internalization by endocytosis (Gao and Huang, 1995; Zabner et al., 1995) , the lipoplexes promote the cytoplasmic delivery of DNA (Felgner, 1996; Felgner et al., 1987; Gao and Huang, 1995; Roessler and Davidson, 1994; Zhu et al., 1993) . Cationic lipids have been used as neuronal gene delivery agents, and some promising studies were reported (Roessler and Davidson, 1994; Zou et al., 1999) , namely for liposomes composed of DC-Chol (Zou et al., 1999) . Nevertheless, the low efficiency of expression mediated by such systems, as compared to viral vectors, clearly indicates that additional work is needed to perfect their design to make them more than an experimental concept for the therapy of neurological disorders.
A variety of mono-or multivalent cationic lipids are currently available for gene transfer (e.g., DC-Chol, DOTMA, DOSPA, DOGS, and DOTAP) (Gao and Huang, 1991; Imaoka et al., 1998; Kofler et al., 1998; Zou et al., 1999) . In most cases, these lipids are mixed with an equimolar amount of a ''helper'' lipid. Most frequently, the neutral lipid DOPE is used, since this is known to enhance transfection efficiency (Felgner et al., 1994; Gao and Huang, 1995; Stegmann and Legendre, 1997; Zhou and Huang, 1994) , due to its ability to facilitate the formation of cationic liposomes and to its tendency to form non-bilayer phases that may contribute to the destabilization of the endosomal membrane (Farhood et al., 1995; Felgner et al., 1994; Legendre and Szoka, 1992; Zhou and Huang, 1994) . On the other hand, cholesterol (Chol) constitutes another promising ''helper'' lipid, since it has been demonstrated that high levels of transfection can be obtained both in vitro and in vivo, upon its association with a cationic lipid (Crook et al., 1998; Templeton et al., 1997) . Moreover, the inclusion of Chol can potentially reduce the destabilization of lipoplexes in the presence of serum, thus increasing the biological stability of such lipoplexes.
Aiming at enhancing transfection activity mediated by cationic liposomes, different strategies have been tried, including the association of targeting ligands (Cheng, 1996; Simoes et al., 1998 Simoes et al., , 1999b , fusogenic proteins (Simoes et al., 2000) , and fusogenic (Kichler et al., 1997; Plank et al., 1994) and NLS (Chan and Jans, 1999; Zanta et al., 1999) peptides. Targeting DNA vectors to cellular Tf receptors has been tried successfully before by linking the ligand to polycation conjugates (Liu et al., 1995; Zhu et al., 1993) , through association of the protein with cationic liposomes and by covalent coupling of anti-Tf receptor monoclonal antibodies to the distal ends of PEG on sterically stabilized liposomes (Shi et al., 2001) or on nanoparticles (Olivier et al., 2002) . In this regard, we and others have demonstrated that the association of human Tf to cationic liposome/DNA complexes enhances transfection in a large variety of cells, including dividing and nondividing cells (Cheng, 1996; Simoes et al., 1998 Simoes et al., , 1999b .
The aim of the present study was to evaluate whether association of iron-saturated human Tf to cationic liposome/ DNA complexes would result in high levels of transfection in a rodent glioma cell line and in rodent neuronal primary cultures (hippocampal and cortical). Besides formulation development, the effect of different variables on the duration and levels of gene expression was evaluated to assess the optimal transfection parameters for in vivo or ex vivo use.
Materials and methods

Cells
Cell lines
C6 cells, an adherent fibroblast cell line derived from rat tissue (glioma), were obtained from American Type Culture Collection, MD, USA. Cells were incubated at 37jC in a humidified atmosphere containing 5% CO 2 and maintained in Ham's F10 medium (Sigma, St. Louis, MO, USA) supplemented with 15% heat-inactivated horse serum (HS) (Gibco, Paisley, Scotland), 2.5% heat-inactivated fetal calf serum (FCS) (Biochrom KG, Berlin, Germany), 1.168 g glutamine/l, 100 Ag/ml of streptomycin, and 1 unit/ml of penicillin (Sigma). Cells were propagated by diluting the cell suspension 1/2 to 1/3 every 3 -4 days. For use in transfection experiments, C6 cells were plated in 48-well plates (Corning Costar Corporation, Cambridge, MA, USA), at a cell density of 0.1 Â 10 6 cells/well, in a final volume of 1 ml, 1 day before incubation with lipoplexes. Cell viability was determined by Trypan blue exclusion.
Primary cell cultures
Hippocampal neurons. Hippocampi were dissected from the brains of 18-or 19-day gestation Wistar rat fetuses (Banker and Cowan, 1977) . After dissociation and centrifugation, the tissue was resuspended in serum-free Neurobasal medium (Gibco), enriched with 2% v/v B27 supplement (Brewer et al., 1993) , 0.005% gentamicin (Gibco), 0.05% glutamine, and 25 AM glutamate (Sigma). Cells were plated at 0.1 Â 10 6 cells/well on 48-well plates, or 0.1 Â 10 6 cells/coverslip (16-mm-diameter), previously coated with poly-L-lysine. Cultures were kept at 37jC in a humidified atmosphere containing 5% CO 2 . Cells were used for transfection experiments after 6 days in culture.
Cortical neurons. Cortices were dissected from the brains of 15-or 16-day gestation Wistar rat fetuses (Hertz et al., 1989) . After dissociation and centrifugation, the tissue was resuspended in Neurobasal medium, enriched with 2% B27 supplement, 0.2% glutamine, 100 Ag/ml of streptomycin, and 1 unit/ml of penicillin. Cells were plated at 0.1 Â 10 6 cells/well on 48-well plates, or 0.1 Â 10 6 cells/coverslip (16-mm-diameter), previously coated with poly-L-lysine. Cultures were kept at 37jC in a humidified atmosphere containing 5% CO 2 . Cells were used for transfection experiments after 6 days in culture.
Preparation of cationic liposomes and lipoplexes
The lipids 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and L-a-dioleoyl-phosphatidylethanolamine (DOPE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Chol was purchased from Sigma. Liposomes containing DOTAP:DOPE, DOTAP:Chol, or DOTAP: DOPE:Chol at 1:1, 1:1, and 2:1:1 mol ratios, respectively, were prepared by mixing the lipids and drying them from chloroform solution under vacuum using a rotatory evaporator. The dried lipid film was rehydrated with distilled water to a DOTAP concentration of 2.5 mg/ml and sonicated for 5 min. The resulting liposomes were then extruded 21 times through two stacked polycarbonate membranes (50-nm pore diameter) and diluted with distilled water to a final DOTAP concentration of 1 mg/ml. The suspension was stored at 4jC, under nitrogen, until use. Phospholipid concentration was determined by a phosphate assay (Bartlett, 1959) . Chol concentration was measured with Sigma DiagnosticsR Cholesterol Reagent (Sigma). Plain lipoplexes were prepared by sequentially mixing 100 Al of a HEPES-buffered saline solution (20 mM HEPES, 100 mM NaCl, pH 7.4, Sigma) to a predetermined volume of liposomes composed of DOTAP:DOPE, DOTAP:Chol, or DOTAP:DOPE:Chol to obtain the desired lipid/DNA (+/À) charge ratio, 15 min before the addition of 100 Al of DNA solution, containing 1 Ag of plasmid dissolved in distilled water. The mixture was incubated for 15 min at room temperature before addition to the cells. The Tf-lipoplexes were obtained by gently mixing 100 Al of human Tf solution (Sigma) to a predetermined volume of liposomes, 15 min before the addition of 100 Al DNA solution, and the resulting mixture was further incubated for 15 min. The Tf solution was prepared at 320 Ag/ml in a HEPES-buffered saline solution (20 mM HEPES, 100 mM NaCl, pH 7.4, Sigma). Lipoplexes were used immediately after being prepared.
Cationic lipid-mediated transfection Transfection activity
The transfection activity of lipoplexes (plain and Tfassociated) was evaluated by measuring luciferase gene expression levels (pCMVluc plasmid). Cells were rinsed twice with serum-free medium and covered with 0.3 ml of medium. Lipoplexes were added to cells in a volume of approximately 0.2 ml per well. After 4 h of incubation (in 5% CO 2 at 37jC), the medium was replaced and the cells were further incubated for different periods of time. The cells were then washed twice with phosphate-buffered saline (PBS), and 100 Al of lyses buffer (1 mM DTT; 1 mM EDTA; 25 mM Tris-phosphate, pH 7.8; 8 mM MgCl 2 ; 15% glycerol; 1% v/v Triton X-100 [Sigma]) was added to each well. The levels of gene expression in the lysates were evaluated by luminescence measurements using a Fig. 1 . Effect of associating transferrin (Tf) to DOTAP:Chol liposomes on luciferase gene expression in C6 cells and in primary hippocampal and cortical neurons. C6 cells were plated 1 day before transfection, and primary cells were maintained in culture for 6 days before transfection. The liposomes were complexed, in the absence (plain lipoplexes) or in the presence (Tflipoplexes) of 32 Ag of Tf, with 1 Ag of pCMVluc at the indicated lipid/DNA (+/À) charge ratios and added to the cells, in the absence of serum. After incubation for 4 h, the medium was replaced and the cells were further incubated for 12 h (C6 cells; hippocampal neurons) or 24 h (cortical neurons). The levels of gene expression were evaluated by luminescence measurements and the data are expressed as RLU per milligram of total cell protein (mean F standard deviation obtained from triplicate wells and representative of two independent experiments).
luminometer (Mediators Diagnostics GmbH, Wien, Austria). The protein content of the lysates was measured by the Sedmak method (Sedmak and Grossberg, 1977) using bovine serum albumin (BSA) as the standard. The data were expressed as relative light units (RLU) per milligrams of total cell protein. Following incubation of cells with lipoplexes for different periods of time, cytotoxicity mediated by the lipoplexes was measured by the Alamar blue assay (Fields and Lancaster, 1993; White et al., 1996) Fig. 2. Effect of lipid/DNA (+/À) charge ratio on transfection of C6 cells mediated by plain and Tf-associated lipoplexes. Cells were plated 1 day before transfection. DOTAP:Chol liposomes were complexed, in the absence (plain lipoplexes) or in the presence (Tf-lipoplexes) of 32 Ag of Tf, with 1 Ag of pCMVluc at the indicated lipid/DNA (+/À) charge ratios and added to the cells, in the absence of serum. After incubation for 4 h, the medium was replaced and the cells were further incubated for 12 h. The levels of gene expression were evaluated by luminescence measurements and the data are expressed as RLU per milligram of total cell protein (mean F standard deviation obtained from triplicate wells and representative of two independent experiments). (Accurate Chemical and Scientific Corporation, Westbury, NY, USA).
Transfection efficiency
The transfection efficiency of lipoplexes was determined by scoring cells expressing green fluorescent protein (pEGFP plasmid). Cells transfected with 1 Ag of pEGFP (as in previous section) were washed with PBS and fixed in a solution of 4% paraformaldehyde (BKK Riedel-de Haën, Seelze, Germany) and 4% sucrose (E. Merck, Darmstadt, Germany) in PBS. The cells plated on coverslips were rinsed in PBS and stained with DAPI (Molecular Probes, Leiden, The Netherlands). After further rinsing, the coverslips were mounted using the ProlongR Antifade kit (Molecular Probes). The samples were observed using a fluorescence microscope (Nikon, Diaphot-TMD, Tokyo, Japan) equipped with the appropriate filter (XF-63, Omega Optical Inc., Brattleboro, VT, USA). The percentage of cells expressing GFP was evaluated by counting cells in 10 randomly selected areas per slide.
Immunocytochemical staining
Neuron cultures, fixed for 30 min with 4% paraformaldehyde and 4% sucrose in PBS, were permeabilized with 0.2% Triton X-100 (E. Merck, Darmstadt, Germany) and blocked with 3% BSA (Sigma) for 30 min. Cells were then incubated for 1 h with primary antibody anti-MAP2 (Sigma; dilution 1:500), an antibody that binds to the cytoskeletal microtubule-associated protein 2 (MAP2) primarily expressed in the somatodendritic domain of neurons but also to a lesser extent in glia; or anti-GFAP (Sigma; dilution 1:200), an antibody that is directed against the glial fibrillary acidic protein (GFAP), the main subunit of intermediate filaments of astrocytes in the CNS; or anti-CD11b (Serotec, Oxford, UK; dilution 1:100), an antibody that binds to the CD11b-antigen located on the lymphocyte function-associated antigen-1 and used here to identify microglia. Alexa FluorR 488-or Alexa FluorR 594-conjugated secondary antibodies (Molecular Probes) were applied at 1:200 for 1 h. After further rinsing, the coverslips were mounted using the ProlongR Antifade kit (Molecular Probes). The slides were observed using a fluorescence microscope (Nikon, Diaphot-TMD, Tokyo, Japan) equipped with the appropriate filters (605DF55, Nikon, Tokyo, Japan; XF-63 NS514, and 535DF45, Omega Optical Inc.). 6 . Duration of gene expression upon transfection of C6 cells and primary hippocampal and cortical neurons. C6 cells were plated 1 day before transfection, and primary hippocampal and cortical neurons were maintained in culture for 1 or 4 days, respectively, before transfection. DOTAP:Chol liposomes were complexed, in the presence of 32 Ag of Tf, with 1 Ag of pCMVluc at 2/1 lipid/DNA (+/À) charge ratio and added to the cells, in the absence of serum. After incubation for 4 h, the medium was replaced and the cells were further incubated for different time periods. The levels of gene expression were evaluated by luminescence measurements and the data are expressed as RLU per milligram of total cell protein (mean F standard deviation obtained from triplicate wells and representative of two independent experiments).
Results
Effect of associating transferrin to the complexes and of their charge ratio on transfection activity and cytotoxicity
It has been demonstrated that Tf is highly effective in promoting lipoplex-mediated transfection of various cells lines and primary cell cultures Simoes et al., 1998 Simoes et al., , 1999a Wagner et al., 1994) . Therefore, in this work, we evaluated whether this strategy would result in an enhancement of transfection of neuronal cells. The association of Tf to lipoplexes resulted in a significant enhancement of luciferase gene expression in C6 cells, where a 170-fold increase was observed as compared to plain lipoplexes, as well as in primary hippocampal and cortical neurons (600-and 50-fold increase, respectively). Fig. 1 illustrates the results obtained at lipid/DNA charge ratios that led to the highest levels of transgene expression for each type of transfected cells. This enhancing effect of Tf was more crucial for the hippocampal neurons for which the lowest values of transfection activity were observed.
Regarding the effect of charge ratio on transfection activity, a different behavior was observed depending on the cell type. For C6 cells (Fig. 2) , the highest values of transfection were observed for the positively charged complexes (prepared at a 4/1 lipid/DNA charge ratio), while for primary neuronal cultures, neutral complexes (2:1 charge ratio) were the most efficient (data not shown). As assessed by the Alamar blue assay, upon incubation of the cells with Tf-lipoplexes prepared at the optimal lipid/DNA charge ratio, a 25% reduction in viability was observed for C6 glioma cells, while for the primary cultures, the toxic effect was less pronounced (10 -15%) (Fig. 3) . Overall, these results suggest that caution should be taken when such vectors (at the optimal transfection conditions) are used to mediate gene delivery.
Influence of liposome composition on transfection activity
Different liposome compositions were evaluated aiming at further improving lipoplex-mediated transfection of brain cells. For this purpose, Tf-lipoplexes composed of DOTAP: DOPE, DOTAP:Chol, or DOTAP:DOPE:Chol and DNA were prepared at different lipid/DNA (+/À) charge ratios and incubated with cells. As illustrated in Fig. 4 , DOTAP: Chol/DNA lipoplexes were the most efficient to transfect C6 cells, and both primary hippocampal and cortical neurons. This enhancing effect can be attributed to the inclusion of Chol as a helper lipid in liposomes, as already reported by others (Crook et al., 1998; Hafez et al., 2001) . Besides improving the stability of liposomes, the presence of Chol reduces the binding of serum proteins to the lipoplexes, thus improving their biological stability (Faneca et al., 2002) .
Effect of cell differentiation time on transfection activity
The stage of differentiation of primary cultures has been shown to affect cell biological behavior, including the ability to undergo endocytosis and the transcription activity. Therefore, we evaluated the importance of the stage of differentiation of neurons in transfection activity, by incubating cells with lipoplexes at different times after being plated. Luciferase expression was evaluated 12 and 24 h following transfection of hippocampal and cortical neurons, respectively. As shown in Fig. 5A , for hippocampal neurons, from 0-to 7-day-old, a significant decrease in the levels of transgene expression was observed when ternary complexes composed of DOTAP:Chol and prepared at the 2/1 lipid/DNA (+/À) charge ratio were used. For cortical neurons (Fig. 5B) , a different pattern was observed, the highest levels of luciferase expression being achieved for 4-day-old cells. Nevertheless, a significant decrease was found for longer differentiation times. The low levels of endocytotic activity in highly differentiated and quiescent cells may result in a reduced internalization of lipoplexes, thus leading to the decrease of transgene expression.
Duration of transgene expression
The time dependence of gene expression was investigated by maintaining the cells in culture for different times after being transfected. As illustrated in Fig. 6 , the levels of transgene expression significantly decreased for both C6 cells and hippocampal neurons, being essentially abolished at 2 days post-transfection. These results clearly indicate that using this transfection protocol, a transient expression was achieved. Nevertheless, for cortical neurons, only a slight decrease in transfection activity was observed over time, indicating that a relatively stable gene expression pattern was achieved for the time period tested.
Effect of inhibitors of the endocytotic pathway on transfection activity
To clarify the mechanisms involved in the internalization of the complexes by neuronal cells, we carried out experiments to assess transfection activity in the presence of chemical agents that interfere with the endocytotic pathway. For that purpose, cortical cells were pretreated for 30 min with a mixture of antimycin A, NaF, and NaN 3 (Lee et al., 1993; Slepushkin et al., 1997) , which strongly inhibits both receptor-and non-receptor-mediated endocytosis, before incubation with the complexes. Under these conditions, an inhibitory effect on transfection was evident both for plain Fig. 9 . Fluorescence microscopy images of hippocampal (A) and cortical (B) cultures immunocytochemically labeled for MAP2, GFAP, and CD11b and transfected with a plasmid coding for GFP. Cells were maintained in culture for 6 days before transfection. DOTAP:Chol liposomes were complexed, in the presence of 32 Ag of Tf, with 1 Ag of pEGFP at 2/1 lipid/DNA (+/À) charge ratio and added to the cells. After incubation for 4 h, the medium was replaced and the cells were further incubated for 12, 24, and 48 h. The cells were fixed and the immunocytochemistry was performed as described in Materials and methods. Cells were observed under a fluorescence microscope (Nikon, Diaphot-TMD) equipped with the appropriate filters (605DF55, Nikon; XF-63 NS514, and 535DF45, Omega Optical Inc.) equipped with a camera (Nikon F-301). Scale bar represents 2.1 Am. (I) Control; anti-MAP2 (green) and anti-GFAP (red) double labeling; (II) control; anti-CD11b (green) and anti-GFAP (red) double labeling; (III) anti-MAP2 labeling (red); GFP + neuron (yellow-colocalization).
and ternary complexes, independently of their charge ratio (Fig. 7A ). This fact reinforces that endocytosis is the main pathway for the uptake of lipoplexes (prepared with or without Tf), in accordance with previous findings (Friend et al., 1996; Simoes et al., 1999b; Xu and Szoka, 1996; Zhou and Huang, 1994) . It should be noted that pretreatment of the cells with the inhibitors of endocytosis did not significantly affect their viability (Fig. 7B) , which reinforces the reliability of these findings. Experiments involving the treatment of hippocampal neurons with inhibitors of endocytosis were also performed, but due to the low levels obtained for the gene expression even for the control condition (without inhibitors of endocytosis), no inhibitory effect was detected.
Scoring and characterization of transfected cells
In addition to evaluate the transfection activity (assessed by quantitating luciferase gene expression), transfected cells were scored upon evaluation of GFP expression. The number of successfully transfected hippocampal and cortical neurons was evaluated using fluorescence microscopy as described in the Materials and methods. The percentage of cells that expressed the transgene was very low for both cell types. Nevertheless, it was evident that ternary complexes (containing Tf) were much more effective than plain lipoplexes, leading to an increase up to 4% of transfected cells (Fig. 8C) .
Aiming at providing evidence that the evaluated transfection activity and efficiency was essentially confined to neuronal cells, immunocytochemical characterization of cell cultures was performed. For this purpose, primary hippocampal and cortical cells were characterized using anti-MAP2, anti-GFAP, and anti-CD11b antibodies to specifically stain neurons, astrocytes, and microglia, respectively. Control staining, in the absence of transfection, showed that cultures were mainly composed of neurons, although some astrocytes were visible in some samples (Figs. 9A(I, II) , B(I, II)). GFP expression and MAP2 colocalization clearly revealed that primary neurons were transfected with the GFP transgene, whereas no colocalization was verified for GFAP (Figs. 9A(III) , B(III)). Overall, these observations may suggest that Tf-lipoplexes exhibit some tropism for neurons.
Discussion
Gene therapy is an emerging strategy for the treatment of several diseases and may offer a powerful tool for the protection against neuronal insults and degeneration. In the present work, we addressed studies aiming at identifying parameters affecting transfection activity of lipoplexes in C6 glioma cells and in primary hippocampal and cortical neurons. The ultimate goal will be to generate lipid-based carriers that could be used for efficient brain gene delivery, either in in vivo or ex vivo protocols, thus constituting viable alternatives to viral vectors.
Considering the limited efficiency of cationic liposomes to mediate transfection of nondividing cells, such as neurons, and in an attempt to overcome this limitation, we evaluated whether the strategy previously developed in our laboratory, which includes association of Tf to the complexes, would lead to higher values of transfection. Coating of lipoplexes with Tf has been demonstrated to promote both the cellular uptake of lipoplexes (da Cruz et al., 2001) and to trigger cytoplasmic delivery of the carried DNA through destabilization of the endosomal membrane under acidic conditions (da Cruz et al., 2001; Simoes et al., 1998) . Our results clearly indicate that such a strategy resulted in a significant enhancement of transfection in both neuronal primary cultures and cell line, this effect being dependent on the type of cells, net charge, and composition of the complexes. The enhancement of transfection activity, achieved upon association of Tf, was particularly notorious for hippocampal neurons, for which the levels of luciferase gene expression mediated by plain lipoplexes are very low. In contrast, primary cultures of cortical neurons exhibited relatively high levels of transgene expression, even in the absence of Tf. The low level of luciferase expression in hippocampal neurons is probably due to a lower extent of lipoplex internalization and/or to the higher stage of cell differentiation when compared to cortical neurons. The possibility that the strength of the CMV promoter is dependent on the type of neurons should not be excluded, which may constitute an alternative explanation for the differences in transfection activity observed between hippocampal and cortical neurons. When Tf-lipoplexes were prepared at a 2/1 lipid/DNA (+/À) charge ratio, higher levels of gene expression were obtained, although the most dramatic effect, when compared to plain lipoplexes, was observed for the 1/2 and 1/1 lipoplexes. The Tf-lipoplexes used are known for their nonspecific receptor-mediated binding and endocytosis (Simoes et al., 1999b) , which may be attributed to their structure. It should be emphasized that transferrin is not covalently linked to the lipoplexes but is electrostatically associated to the cationic liposomes. Therefore, not all the Tf binding motifs may be available at the surface of the lipoplexes to bind to its receptors on the target cells. Consequently, this strategy is significantly different from other approaches involving the coupling of monoclonal antibodies against the Tf receptor (TfRMAb) (Shi et al., 2001) . Although the transfection efficiency mediated by Tf-lipoplexes was significantly lower as compared to that achieved with the strategy involving the use of the TfRMAb, the risk of immunogenicity is low since no antibodies are used. Moreover, Tf-lipoplexes may constitute a valuable tool if only a restricted brain area is aimed at being transfected, as suggested from our preliminary data (not shown) involving their stereotactic administration into the rat striatum. The tailoring of the lipoplexes, in terms of their physicochemical properties, as a function of the cell type, is therefore of crucial importance for the optimization of lipid-based vectors.
Moreover, our results showed that liposome composition also plays a role in the transfection of neuronal cells mediated by lipoplexes, those composed of DOTAP:Chol being the most efficient. This reinforces the idea that inclusion of Chol in a cationic liposome formulation, such as that containing DOTAP, can enhance gene transfer to target cells in vitro and mainly in vivo. The high stability of Chol-containing lipoplexes (as compared to no Chol-containing lipoplexes) and their reduced binding ability to polyanionic components like serum proteins (Faneca et al., 2002 ) may contribute to this enhancing effect.
Cellular distribution of GFP expression was examined for the experimental conditions that led to the highest levels of transfection activity (as assessed by luciferase gene expression). Although a low percentage of GFP positive hippocampal and cortical neurons was observed (4% for Tfassociated lipoplexes), it represents a significant increase when compared to plain lipoplexes. Although a significant increase in both transfection activity and efficiency was observed, as compared to values reported by others for hippocampal neurons (Kaech et al., 1996) , the most remarkable values were found for cortical neurons. Moreover, Tflipoplexes appear to exhibit a neuronal tropism, since transfection was confined to neurons although astrocytes were also present in the cultures. Most of the studies concerning gene transfer into neuronal primary cultures have been focused on hippocampal neurons. Our results on cortical neurons are of particular interest, since the cerebral cortex is also a target region for the treatment of neuropathologies, such as Alzheimer's disease and ischemic insults.
In an attempt to gain insights into the mechanism of internalization of lipoplexes by neuronal cells, these were pretreated with metabolic inhibitors of endocytosis before transfection. An almost complete inhibition of transfection was observed, clearly showing that lipoplexes (both plain and Tf-associated) are internalized primarily via the endocytotic pathway, this being in agreement with the fact that clathrin-mediated membrane uptake in neurons is an important entry route for several molecules, such as neurotrophic toxins, and membrane receptors (De Camilli and Takei, 1996; Owen and Evans, 1998) .
When testing the duration of luciferase gene expression, we observed that this was maximal at 12 and 24 h after transfection for C6 cells and primary hippocampal neurons, respectively. A rapid decrease in transgene expression was observed thereafter, indicating a short-term expression consistent with the fact that the plasmid remains episomal in the cell nucleus. This time dependence of gene expression may represent a problem if a sustained protein expression is required. However, for primary cortical neurons, this problem seems to be attenuated, since a relatively stable expression was observed up to 7 days post-transfection. These results, together with the fact that the treatment of some CNS injuries may be achieved with a short-term expression of trophic proteins, show that Tf-associated lipoplexes may represent a valuable strategy for gene therapy of CNS acute and transient pathological processes.
It has been shown previously that the stage of cell maturation/differentiation may affect the transfection efficiency of postmitotic cells (Pelisek et al., 2001; Simoes et al., 1999c) . The effect of the stage of differentiation on the levels of transgene expression in primary neurons was demonstrated upon transfection of the cells at different days over the culture period. At later stages of differentiation, a significant reduction of the levels of gene expression was observed. As a consequence of the nondividing nature of the cells, a higher stage of maturation and consequent decreased endocytotic activity may result in a reduction in the extent of internalization of the lipoplexes, thus leading to low levels of transfection. Therefore, the knowledge of the optimal transfection conditions for this type of cells may be of relevance if an ex vivo gene therapy approach is intended to be settled.
Altogether, our results show that many variables influence lipoplex-mediated transfection of neuronal cells. Our findings suggest that lipoplexes prepared upon association of Tf to cationic liposomes containing Chol, with adequate charge ratios, may prove to be a useful strategy for the delivery of therapeutic genes into neuronal cells.
